Diamond particles as nanoantennas for nitrogen-vacancy color centers 
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The photoluminescence of nitrogen- vacancy (NV) centers in diamond nanoparticles exhibits spe- 
cific properties as compared to NV centers in bulk diamond. For instance large fluctuations of 
lifetime and brightness from particle to particle have been reported. It has also been observed that 
for nanocrystals much smaller than the mean luminescence wavelength, the particle size sets a lower 
threshold for resolution in Stimulated Emission Depletion (STED) microscopy. We show that all 
these features can be quantitatively understood by realizing that the absorption-emission of light by 
the NV center is mediated by the diamond nanoparticle which behaves as a dielectric nanoantenna. 
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The negatively charged nitrogen- vacancy (NV~) color 
center in diamond is a solid-state artificial atom with 
unique room-temperature properties. Its perfectly sta- 
ble photoluminescence and an optically detectable elec- 
tron spin lead to a wide range of applications such as 
efficient on-demand generation of single photons [l] and 
highly sensitive nanoscale magnetic and electric sensing 
[2]-[4]. These properties are preserved when NV centers 
are created in diamond particles [5l |6] with size down to 
the nanometer range [71 [8] . The photoluminescence of a 
single NV center in a nanocrystal was used for generat- 
ing single plasmons once coupled to metallic structures 
[H [To] . Nanodiamonds embedding many NV centers have 
been developed for bioimaging purposes [TTJ [12] . More- 
over, due to its perfect photost ability, the NV color center 
can be revealed using far-field nanoscopy, based on either 
stimulated emission depletion (STED) or ground-state 
depletion (GSD) microscopy techniques p!3HT6] . A 6- 
nanometer record resolution has been achieved in the case 
of a N V defect in a bulk diamond sample ^ . These re- 
sults promise applications of NV-based luminescent nan- 
odiamonds for bio-imaging, with the potential of chal- 
lenging the use of fluorescent molecules which suffer from 
limited photostability. 

All these applications require to understand how the 
optical properties of NV color centers are modified once 
nestled in a nanodiamond. Specific nanoparticle effects 
have been observed. For instance, the NV luminescence 
decay time exhibits a broad statistical distribution when 
recorded from a set of nanodiamonds spincoated on a 
coverglass and the lifetime is on average longer than 
the value measured for a NV center in a bulk diamond 
[7]- This lengthening has been qualitatively attributed 
to modifications of the dielectric environment [5j [7] • It 
has also been noted that the lifetime distribution is not 
correlated to the brightness of the emitter [3 [15]. Fi- 
nally, although a 6 nm resolution was reached in bulk 
diamond with STED imaging, the image of a single NV 
center in a 40 nm nanodiamond was limited by the size 
of the hosting particle [151 [IS] • 

In this letter, we show that the differences between 



emission by a NV center in a bulk or in a nanoparti- 
cle can be understood by considering that the dielectric 
nanoparticle acts as a dielectric nanoantenna similarly to 
diamonds nanopillars [17]. Furthermore, we demonstrate 
that the optical resolution of far-field nanoscopy tech- 
niques like STED imaging is intrinsically limited to the 
nanodiamond size when considering the regime of parti- 
cle dimension smaller than the emission wavelength. 

The optical properties of the NV center in the nanodi- 
amond can be described using a classical electric dipole 
in a lossless dielectric particle of index of refraction n. 
To study the influence of the nanoparticle on its emis- 
sion lifetime, we compute the ratio of the total power 
emitted by a point-like monochromatic electric dipole in 
a nanosphere and in a bulk host. This ratio is equal to 
the emission rate Fnp in a nanoparticle normalized by 
the emission rate Fb in the bulk. The calculations are 
done using the formalism developed by Mie [18-21^. A 
similar discussion has been reported for an ensemble of 
fluorophores embedded in a dielectric particle ^Ol [22] , 
In such configurations, the question of the local field due 
to the near-field environment of the fluorophore plays 
a key role. Here, we consider a single NV center in a 
diamond nanosphere. We note that the local field cor- 
rection is an irrelevant question as the NV center can- 
not be defined independently of the vacancy in the dia- 
mond lattice. Hence, we have normalized the emission 
rate of a NV center in a particle by the emission rate 
of the same NV center in a bulk diamond. In the ab- 
sence of non-radiative decay, this ratio is equal to the 
ratio of local density of states (LDOS) [23]. Although a 
diamond nanoparticle is not a microcavity sustaining a 
single mode, we will refer to this normalized LDOS as 
Purcell factor Fp, the prime indicating that emission in 
bulk diamond is taken as a reference. The Purcell factor 
is displayed in Fig. [l] in the case of a dipole located at 
the center of the nanosphere when varying the radius a of 
the nanoparticle. We observe that i^p < 1 for particles in 
the so-called electrostatic regime, i.e. a <C A where A is 
the vacuum wavelength at the dipole emission frequency. 
When the particle radius becomes larger than A/n, the 



Purcell factor first increases and then oscillates due to 
Mie resonances in the sphere [20l [22] . 
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Figure 1. Purcell factor associated with radiative emission of 
a NV center located at the center of a spherical nanodiamond 
for different radii a. 

Let us now analyse in more details the influence of 
the particle size on the emission rate. To understand 
the emission rate reduction in the electrostatic regime, 
we invoke the reciprocity theorem. In simple words, the 
reciprocity theorem states that a detected amplitude does 
not change upon exchange of the positions of a source and 
a detector [24j. Hence, the far-field amplitude radiated 
in direction u by a dipole located at r inside the particle 
is proportional to the field created at r by an incident 
plane wave illuminating the particle propagating along 
— u. It follows that we can replace a far-field radiation 
problem by the computation of the field in the particle 
illuminated by a plane wave. Fig. |2] shows the intensity 
|Ep in the particle with 20 nm radius illuminated by a 
plane wave linearly polarized along Ox. 
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Figure 2. Coupling between an embedded dipole in a 20 nm 
radius diamond nanoparticle and the far field, a) Square mod- 
ulus of the electric field inside the sphere excited by a plane 
wave at 637 nm wavelength, corresponding to the zero phonon 
line of the NV~ emission, b) Square modulus of the field along 
the X axis. 

It is seen that the field is uniform within the sphere 
and much smaller than the incident field. This means 
that the Purcell factor does not depend on the position 
of the dipole in the particle. Furthermore, for a dipole 
at the center, the spherical symmetry entails that the 
Purcell factor does not depend on polarization. Not- 



ing that for a small particle, the electrostatic approxi- 
mation is valid, it follows that the internal field inten- 
3 



sity is given by 
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24 where E\nc is the in- 



n^ + 2 
cident field amplitude. The low value of the field m 
a diamond nanoparticle is a manifestation of dielectric 
screening. To recover analytically the Purcell factor, we 
start by introducing the fictitious emission rate Fvac of 
a NV center in a vacuum as a non-physical but conve- 
nient intermediate parameter. The emission rate of a 
dipole in a bulk dielectric of index of refraction n is re- 
lated to Fvac by the relation Fb = nFvac which accounts 
for the ratio of densities of states. Using the reciprocity 
argument, the emission rate in the nanosphere is related 
to the emission rate in a vacuum by accounting for the 

dielectric screening factor Fnp = Fvac ( o 1 • It fol- 



lows that Fp 
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Using n = 2.4, we find 



0.0623 in excellent agreement with the numeri- 
cal simulation shown in FigjT] Finally, we note that a 
real NV center is described by two orthogonal emission 
dipole moments [25 . As the lifetime does not depend on 
the dipole moment orientation in the spherical case, this 
specific structure has no influence. 

We now turn to the case of particles supporting Mie 
resonances. Fig. |3|a) shows the square modulus of the 
electric field within the particle when it is illuminated 
by a monochromatic plane wave tuned to a Mie reso- 
nance with a quality factor 2 10^. As expected, the spa- 
tial structure of the field in the particle reproduces the 
mode field (not shown). According to the reciprocity the- 
orem, if the source dipole is located at a maximum of the 
field, its radiation will be enhanced. We plot in Fig. |3|b) 
the field produced by the dipole when it is located at the 
point indicated by the arrow. Noting that the field struc- 
ture matches the spatial pattern of the resonant mode 
field, we conclude that the dipole radiation is mediated 
by the particle mode. Hence, emission of the NV center 
in the sphere is a two-step process: i) the dipole excites 
resonantly a mode, ii) the mode radiates in the vacuum. 
The far-field angular emission pattern is shown in Fig. 
(sjc) with an angular oscillation which again reproduces 
the angular pattern of the mode in the sphere. It follows 
that the brightness in a given solid angle can be almost 
null although the Purcell factor can be large. Hence, for 
a single emitter, one should not expect a direct correla- 
tion between the brightness in a given direction and the 
lifetime in the case of a particle large enough to support 
Mie resonances. Obviously, this is no longer correct if all 
the radiation is collected using e.g. an integrating sphere 
or for an ensemble of emitters in a sphere. 

From the reciprocity argument, we know that the 
strength of the coupling of the emitting dipole to the 
mode depends on the amplitude of the mode field at the 



dipole source position. Hence, we expect a strong de- 
pendence of the Purcell factor on the position of the NV 
center in the particle, as shown in Fig. [sFd). As ex- 
pected from Fig. Isja), the Purceh factor is weak when 
the emitter is in the center of the particle and becomes 
large when the emitter is located close to a maximum of 
the mode. In summary, our analysis in the Mie regime 
shows that the emission of the NV center is mediated by 
the modes of the diamond particle. This nanoantenna 
effect can efficiently control the lifetime and the angular 
emission of the point defect in the nanodiamond. 
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Figure 3. Resonant excitation of a single mode structure in 
a diamond nanoparticle of a = 621.27 nm radius, (a) Square 
modulus of the electric field in a diamond sphere excited by 
a plane wave, (b) Square modulus of the electric field excited 
by a dipole. The arrow indicates its position, (c) angular 
emission pattern for an orthoradial dipole in the particle, (d) 
Purcell factor versus emitter position (with orthoradial polar- 
ization) . 

We emphasize that Fig. |3] corresponds to the specific 
case for which the dipole frequency is tuned to a single 
Mie resonance mode inside the nanodiamond. The gen- 
eral case is the simultaneous excitation of several modes. 
An example is shown for the sake of illustration in Fig. 
[4] for the case of a single dipole orientation with a fre- 
quency that does not match exactly one resonance. The 
Purcell factor is then significantly lower and the angular 
emission pattern becomes more directional. In practice, 
further averaging effects are due to the existence of two 
orthogonal transition dipoles in the NV center electronic 
structure [25] and to its broad luminescence spectrum. 
Here, we have highlighted the resonant properties of the 
dielectric particle. This introduces the issue of the inter- 
play between a microcavity and a broad emitter that has 
been discussed in the context of semiconductor quantum 
dots and large quality factors [2Q and in the case of NV 
center coupled to a low quality Fabry-Perot microcavity 
[27] . The emission of the NV center in a nanodiamond 
supporting Mie resonances corresponds to a broad emit- 
ter coupled to a multimode cavity with its free spectral 
range determined by the radius of the nanoparticle. A 
further discussion of the emission spectrum modification 



is beyond the scope of this letter. 
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Figure 4. Same as Fig. [3] but with a = 621 nm. The slight 
detuning drastically modifies the excitation of the modes (a,b) 
and consequently the angular emission pattern (c) and the 
Purcell factor (d). 

In practice, nanoparticles are usually deposited on the 
surface of a dielectric substrate which modifies the envi- 
ronment of the particle. We have used a finite element 
technique in order to account for the presence of the di- 
electric interface in the evaluation of F^. Following the 
experiment reported in Ref. [5 , we consider a particle 
of 45 nm radius deposited on a silica microscope cover- 
slip with n = 1.5. As the nanoparticles are embedded 
in a thin polymer film deposited on the substrate, the 
particle is considered in a dielectric environment of same 
refractive index. Such parameters then correspond to an 
intermediate regime between the electrostatic case and 
the Mie regime (see Fig. fl]). Without accounting for the 
interface, the Purcell factor Fp is around 0.1. The nu- 
merical simulation with an interface yields larger values 
of this parameter, with a maximum :^ 0.39 for a dipole 
parallel to the interface. Given the uncertainty on parti- 
cle shape and size and the fact that the model does not 
account for any nonradiative decay [28] , this result can be 
considered to be in fair agreement with the approximate 
experimental value o:^ 0.47 [5 . 

We finally address the question of imaging a NV cen- 
ter in the nanodiamond using the STED technique. Since 
a 6nm record resolution [13| in a bulk diamond sample 
has been demonstrated, the technique is expected to be 
able to image a NV center in a nanoparticle. However, 
all attempts have failed so far, the signal appearing as 
delocalized over the particle. To explain these results, 
we again use the view that a dielectric nanoparticle be- 
haves as a nanoantenna. Hence, the structured exciting 
field used in the STED technique excites first the parti- 
cle modes which in turn, excite the defect. For a particle 
much smaller than the wavelength, only the electric dipo- 
lar mode is significant. Since this mode is uniform in the 
particle (see FigJ2|a)) the NV center is equally excited 
independently of its location. To illustrate this behav- 



ior, we display the field produced by a structured beam 
which illuminates the particle. Following Ref. ^ISj, this 
beam is generated by applying a phase shift [29] to the 
Fourier components of an input circularly polarized beam 
which is focused on the particle with a high numerical 
aperture microscope objective. Figure [5] shows a simu- 
lation carried out for NA= 0.9 where it is seen that the 
phase transformation leads to a beam which is depleted 
in its center. Whereas it is clearly seen that the depleted 
structure of the incident field penetrates in the sphere of 
radius a = 1000 nm, the field becomes uniform in the 
particle of sub-wavelength size. This can be understood 
from the previous discussion. Indeed the NV center ex- 
citation is mediated by the mode of the particle which 
is the dipolar one for small particles. Since the electric 
field of the dipolar mode is uniform in the particle, the 
spatial structure of the incident field is lost so that the 
STED resolution is limited by the particle size. 




Figure 5. Square modulus of the electric field in a dielectric 
nanosphere illuminated by a structured field, with radii a = 
50 nm, a = 160 nm (b) and a = 1000 nm (c). 

In summary, we have discussed how the emission prop- 
erties of a NV center in a diamond nanoparticle can be 
analysed using the concept of nanoantenna. The cou- 
pling of a NV center to electromagnetic fields is medi- 
ated by the modes of the particle in the Mie regime and 
is dominated by dielectric screening in the case of a sub- 
wavelength particle. This simple mechanism provides a 
unified picture of the NV optical properties as a function 
of the nanodiamond size. More generally, the concept of 
dielectric nanoantenna can be applied to any dielectric 
nanostructure containing a luminescent center. 
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